Interfacial Dzyaloshinkii-Moriya interaction defines a rotational sense for the magnetization of two-dimensional films and can be used to create chiral magnetic structures like spin-spirals and skyrmions in those films. Here we show by means of atomistic calculations that in heterostructures magnetic layers can be additionally coupled by an interlayer Dzyaloshinskii-Moriya interaction across a spacer. We quantify this interaction in the framework of the Lévy-Fert model for trilayers consisting of two ferromagnets separated by a non-magnetic spacer and show that interlayer Dzyaloshinkii-Moriya interaction yields non-trivial three-dimensional spiral states across the entire trilayer, which evolve within as well between the planes and, hence, combine intra-and inter-plane chiralities. This analysis opens new perspectives for three-dimensional tailoring of the magnetization chirality in magnetic multilayers.
The magnetic Dzyaloshinskii-Moriya interaction (DMI) arises in systems with bulk inversion asymmetry [1, 2] . Without bulk inversion asymmetry, the DMI arises at interfaces only and couples two magnetic sites both sitting within a surface layer [1, 3] . This interaction appeared to be a very important property of interfacial systems, because it is responsible for the unique rotational sense of magnetization and can be used to create topological objects like magnetic skyrmions and chiral domain walls [4] [5] [6] [7] , that are attractive candidates for data storage, transfer and processing [8] [9] [10] . DMI corresponds to an antisymmetric part of the exchange tensor and is described by a vector quantity D. Orientation and strength of D can be estimated using the Moriya symmetry rules [11] , the Lévy and Fert model [3] or first-principles calculations [12] [13] [14] . The Moriya procedure has been created for localized magnetic systems and takes into account two magnetic sites coupled by a Hubbard-type Hamiltonian. The Lévy and Fert model involves an additional third site mediating the DMI via conducting electrons and is more appropriate for itinerant systems. In most cases symmetry rules as well as three-sites model give correct orientation of D. Both of the models have, though, their limitations. The two-sites procedure can often predict only an easy plane, rather than an exact direction of D [15] . DMI from three-sites model applied to systems of low-symmetry like spin chains at interfaces might differ in some cases from ab-initio results [12] . Nontheless, it is broadly accepted that for ultrathin films the Lévy-Fert model provides sound basis for studies on the spin ordering at the interfaces, because majority of experimentally 4d/3d, 5d/3d interfaces or their alloys belong to the class of itinerant systems. Its additional advantage is a clear definition of D in systems with large and complicated unit cell or in disordered systems, which are difficult to treat from the first principles.
The typical strength of the DMI at interfaces lies between 0.1 and 2 meV per atomic bond [16] [17] [18] [19] , which corresponds to the thermal energy of several tens of Kelvin. To enhance the DMI in view of room temperature applications, ..NM1/FM/NM2.. multilayers have been proposed [17, 20, 21] . In these multilayers a strong intralayer (within FM layers) and interlayer (between FM layers) exchange or Rudermann-Kittel-Kasuya-Yoshida (RKKY) coupling was considered, while the DMI appeared within the NM1/FM or FM/NM2 interfaces only. The RKKY coupling ensures identical magnetic behavior of all FM layers. Hence, if the DMI at all interfaces have identical direction, they can be added to enhance the total DMI and a complete stack behaves like an entity. Interlayer DMI across a NM spacer has up to now not been addressed despite the fact that NM atoms or impurities within the NM layer might play a role via the "third site" coupling of magnetic layers. The reason why the interlayer DMI has not been considered yet is, probably, the strong decrease of the DMI with the distance between interacting and mediating sites as shown in [13, 22] and cancellation of DM vectors for certain symmetries. If, however, the DMI across a spacer exists, different physical scenarios might develop: -if the interlayer DMI supports the RKKY coupling it might further enhance the effective DMI and approach the technological breakthrough; -if the interlayer DMI competes with the RKKY coupling some unexpected phenomena like intrinsic separation of columnar skyrmions, bias-effects or three-dimensional frustration might emerge.
In this study, we employ analytical and atomistic Monte-Carlo (MC) calculations to investigate the DMI coupling between two FM layers across a non-magnetic spacer. We find that the interlayer DMI exist for many microscopic geometries. Despite the weakness of interlayer DMI per atomic bond, it can induce chiral coupling between FM layers, because the total interlayer DM energy creates a sizable energy barrier between macroscopic configurations with different chirality. This coupling is not trivial and seeks to create a three-dimensional spin spiral across the complete system. Therefore, competition between the interlayer DMI and other energy contributions opens a new class of frustrated magnetic systems and can be used to enhance the effective interfacial DMI or to create three-dimensional complex magnetic structures.
In our calculations magnetic layers are represented by monolayers of Heisenberg spins S i at atomic positions R i (see Fig. 1 ). The two effective FM monolayers are separated by a NM metallic layer. The distance between the bottom FM layer and the NM layer is d NM .
This NM layer is assumed to contain a certain distribution of impurity atoms at positions R l , which can each mediate a DMI between any two spins according to the three-site model by Lévy and Fert [3] :
where R li , R lj are the distance vectors from the impurity l to corresponding FM atom sites i and j, and R ij the distance vector between these FM sites. The parameter
Z d refers to the material specific quantity defining the DMI strength. electrons and Z d the number of d-electrons. This sum is oscillating and, hence, non-trivial.
According to [3] V 1 is strong not only for heavy transition metals like Pt(5d) and Pd (4d), but also for 3d Ni, Co, and Fe-impurities. An effective DM vector of a given ij atomic pair can be described by a sum over all impurities l [3, 22] : To understand how microscopic D eff ij can generate net interlayer DMI, we calculate the total DM energy for an FM/NM/FM trilayer with hcp stacking (see Fig. 2a,b) analytically:
First, we analyse E DM for the case of FM1 and FM2 being each in a perfectly aligned ferromagnetic state, but allowed to have any orientation with respect one to another. Because the spin cross-product is identical and constant for all pairs, the DM energy per site is can take any values. We furthermore assume row-wise up-down deviations ±δθ of spins from θ = π/2 as visualized in Fig. 2c,d . The magnitude of these polar deviations is identical in both layers. However, for a given sequence of ±δθ in the bottom layer we have distinguished between up-down (see Fig. 2c ) and down-up (see Fig. 2d ) sequences in the top layer. By applying these constraints we simplify the problem and reduce the system to having two state variables (δθ and dφ) only. Fig. 2e ,f show analytically calculated interlayer E DM as a function of φ
, and δθ for these two sequences. The DM energy is minimized by δθ = π/4 and dφ = +π/2 for the up-down sequence (see Fig. 2e ), but by δθ = π/3 and dφ = −π/2 for the down-up sequence (Fig. 2e) . Corresponding configurations are depicted in Fig. 2c,d . These calculations permit to make three important conclusions: (i) Perfectly aligned FM layers are decoupled from the point of view of interlayer DMI;
(ii) Magnetic noncollinearity promotes interlayer DM coupling. Hereby, net DM energy depends on the relative orientation of the net magnetizations within the two layers and, thus, constitutes a net interlayer coupling of net ferromagnetic states; (iii) The sign of the interlayer chirality depends on the phase of the magnetization oscillations within the layers around some net orientation. Hence, by only considering the interlayer DMI, and despite constrains of solution space, we find magnetization states, that lower the DM energy, while at the same time exhibiting a net ferromagnetic moment in each of the two FM layers.
For the general understanding of the role of interlayer DMI for magnetic structuring, we Fig. 3a . It is an antiferromagnetic row-wise ordering in both layers. Hereby, magnetization in one of the layers is perpendicular to the film plane, while the other rotates by π/2; i.e., is planar. Whilst both layers are individually antiferromagnetic, collinear and do not show any chirality, the total state demonstrates clockwise cycloidal spin spiral across the both layers (see black path in Fig. 3a ) and counterclockwise cycloidal rotation between the layers. Hence, unique chirality between the layers and a unique modulation within the layers define a unique magnetic chirality across the layers. To clarify the physical grounds of this chirality we have performed additional analysis. We started MC simulations using perfect in-plane ferromagnetic states in each layer making an angle dφ with respect one to another as initial configuration and relaxed these states at low temperature (kT < D eff ij ) until the DM energy started to oscillate around its minimal mean value. Obtained mean energies E DM for different dφ are plotted in Fig. 3c . Because of the becomes increasingly important with increasing sample size. In our specific case it reaches the value of ≈ J ij in a sample consisting of 2 × 10 3 spins only and, therefore, can co-define the equilibrium state. We expect an important impact of the interlayer DMI on the three-dimensional chirality of magnetic multilayers with dominating three-sites mechanism of DMI in systems like Fe/Cr/Fe [24] , Co/Cu/Co [25] , Co/Ru/Co [26] , Fe/Mo/Fe [27] and related Co or Fe alloys like Co/Pt/CoFeB or CoFeB/Ru/CoFeB [20, 28] . The strength of the interlayer DMI can be controlled by the thickness and atomic structure of the NM layer.
The main conclusion of this investigation is that additionally to the now well explored interfacial DMI, magnetic layers can be strongly coupled by means of a so-far neglected interlayer DM interaction across a mediating layer. The driving mechanism of the interlayer DM coupling is the formation of the global chiral structure across magnetic multilayer in all directions (in-plane and out-of-plane), which is strongly different from a one-dimensional bulk spin spiral. It might be particularly important in systems dominated by ferromagnetic exchange. Hereby, a given up-down sequence of the microscopic deviations from the collinearity defines the sign of the interlayer chirality. The microscopic characteristics of this interaction depend on the lattice geometry of FM/NM/FM stacks and on the strength of the spin-orbit coupling parameter V 1 . This finding opens completely new perspectives for enhancement and/or manipulation of the total DM interaction and magnetic structuring in magnetic multilayers.
